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NADHto Ca2+ loads (1–100 μM) was investigated using Amplex red ﬂuorescent assay in
isolated guinea-pig brain mitochondria respiring on glutamate plus malate or succinate. In mitochondria
challenged with Ca2+ (10 μM), in the absence of adenine nucleotides and inhibitors of the respiratory chain,
the rate of H2O2 release, taken as an indication of H2O2 production, was decreased by 21.8±1.6% in the
presence of NADH-linked substrates and by 86.5±1.8% with succinate. Parallel with this, a Ca2+-induced loss
in NAD(P)H ﬂuorescence, sustained depolarization, decrease in ﬂuorescent light scattering signal and in
calcein ﬂuorescence were detected indicating an increased permeability and swelling of mitochondria, which
were prevented by ADP (2 mM). In the presence of ADP H2O2 release from mitochondria was decreased, but
Ca2+ no longer inﬂuenced the generation of H2O2. We suggest that the decreased H2O2 generation induced by
Ca2+ is related to depolarization and NAD(P)H loss resulting from a non-speciﬁc permeability increase of the
mitochondrial inner membrane.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionAccumulation of calcium in cells is a key element in the pa-
thological events occurring in ischemia–reperfusion, excitotoxicity
and some forms of neurodegenerative diseases [1–5]. Excessive pro-
duction of reactive oxygen species (ROS) has been suggested to
contribute to the cellular deterioration under these conditions [6–10].
The intriguing question whether Ca2+ accumulation directly stimu-
lates mitochondrial ROS generation has been addressed earlier in
studies with isolated mitochondria providing variable results. Promo-
tion of ROS generation by Ca2+ with an unknownmechanism has been
reported in liver [11,12] as well as in brain mitochondria [13]. In
contrast no change [14] or a decrease in H2O2 formation [15] in Ca2+-
challenged brain mitochondriawas demonstrated by others. Variables
in the experimental conditions (metabolites supporting respiration,
absence or presence of respiratory inhibitors and nucleotides etc)
could be of great impact on the results obtained with Ca2+ on ROS
generation. In mitochondria where complex I was inhibited, ROS
generation in the presence of succinate [15] or glutamate plus malate
was stimulated by Ca2+ [14], which could be associated with release of
cytochrome c from mitochondria.
With only a fewexceptions, themajority of experiments addressing
the effect of Ca2+ on mitochondrial ROS generation were performed
with succinate-supported mitochondria. Ca2+ uptake by mitochondria
at the expense of membrane potential (ΔΨm) could determine the rateochemistry, Semmelweis Uni-
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ork.
ll rights reserved.of ROS generation due to depolarization. In particular, in succinate
supported well-coupled mitochondria where the high rate of ROS
generation is sensitive to a decrease in ΔΨm [16,17] in a narrow ΔΨm
range [18]. In fact, a decrease of 10mV inΔΨm resulted in 80% decrease
in the rate of ROS generation in isolated succinate-supported brain
mitochondria [19]. ROS production in mitochondria respiring on the
more physiological NADH-linked substrates (glutamate+malate) is
less dependent onΔΨm [15] being inhibited by only 30% in response to
complete depolarization [20].
We have reported recently [21] that Ca2+ stimulates H2O2 generation
in α-glycerophosphate-supported brain mitochondria, which is a spe-
cial condition and results from activation of α-glycerophosphate
dehydrogenase by Ca2+.
It is well characterized that Ca2+ load induces permeability transition
of mitochondria involving a pore, deﬁned as permeability transition
pore (PTP), with profound consequences on the integrity of mitochon-
drial functions [22–24]. It was suggested [12,25,26] but then debated
[27] that an increased ROS generation in mitochondria by Ca2+ is in-
volved in some forms of PTP.
In the present work we revisited the effect of Ca2+ on the pro-
duction of H2O2 using mitochondria isolated from guinea-pig brain
cortices. Ca2+ was applied in a concentration range (1–100 μM) which
is relevant in physiological or pathological conditions and the rate of
H2O2 generation was detected both with glutamate+malate and
succinate as respiratory substrates. We found that in the absence of
nucleotides and inhibitors of the respiratory chain, Ca2+ decreased the
rate of H2O2 generation both with succinate and glutamate+malate.
Parallel with this, a Ca2+-induced increase in membrane permeability
was detected and when the latter was prevented by ADP, H2O2
generation was no longer inﬂuenced by Ca2+.
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2.1. Preparation of mitochondria
Animal experiments were in compliance with the Guidelines for Animal
Experiments at Semmelweis University. Guinea pig brain cortex was homogenized in
a buffer containing (in mM): 225 mannitol, 75 sucrose, 5 HEPES, 1 EGTA, pH 7.4 (KOH).
Mitochondria were prepared on a discontinuous Percoll gradient as detailed recently
[28]. After the ﬁnal centrifugation, the pellet was resuspended in the same isolation
buffer lacking EGTA and mitochondria were kept on ice (~35 mg protein/ml). Before
measurements, respiratory control ratio (RCR) was determined with a Clark-type
oxygen electrode using Hansatech Oxygraph Measurement System (Hansatech,
Norfolk, UK). Mitochondria with an RCR less than 12 (glutamate plus malate) or 4.5
(succinate) were not used for experiments detailed below.
2.2. Assay medium
Experiments were carried out in an assay medium containing (in mM): 125 KCl, 20
HEPES, 2 K2HPO4, 1 MgCl2 (in experiments where ADP was present total [Mg2+] was
elevated to2.9, in order tomaintain1mMfree [Mg2+]), 0.1 EGTA, 0.1HEDTA, supplemented
with 0,025% bovine serum albumin (BSA), pH 7.0 (KOH). Ca2+ concentrations referred to in
the text and ﬁgures indicate free Ca2+ concentrations in thismedium. For the calculation of
the amount of Ca2+ added to themedium the Chelator softwarewas used [29] and the ﬁnal
free Ca2+ concentration was controlled using Fura-6F. At high [Mg2+] ADP and ATP binds
Ca2+ with almost equal afﬁnity, therefore the slow conversion of ADP to ATP during
respiration does not decrease the free calcium concentration in the medium.
2.3. Measurement of mitochondrial H2O2 production
H2O2 released from mitochondria was detected using the Amplex red ﬂuorescent
dye, which reacts with H2O2 in the presence of horseradish peroxidase, producing
highly ﬂuorescent resoruﬁn. Horseradish peroxidase (5 U per 2 ml) and Amplex red
reagent (1 µM) were added to the assay medium and then mitochondria (0.1 mg/ml)
were applied. H2O2 formation was initiated by addition of glutamate and malate (5 mM
each) or succinate (5 mM) and ﬂuorescence was detected at 37 °C in a Deltascan
ﬂuorescence spectrophotometer (Photon Technology International, PTI; Lawrenceville,
NJ). The excitation and emission ﬂuorescent wavelengths were 550 and 585 nm,
respectively. The calibration signal was produced by addition of known amounts of
H2O2 at the end of each experiment.
2.4. Assay of NAD(P)H ﬂuorescence
The matrix NAD(P)H autoﬂuorescence was measured simultaneously with the
Amplex assay with double excitation and double emission mode of PTI Deltascan
ﬂuorescence spectrophotometer. Mitochondria (0.1 mg/ml) were incubated at 37 °C in
the assay medium detailed above and the ﬂuorescence was measured using 344 nm
excitation and 460 nm emission wavelengths. Changes in the NAD(P)H level were
expressed in photon count×103.
2.5. Determination of NAD++NADH pool
NAD++NADH content inmitochondriawasmeasured as described [30]. Samples from
mitochondria (200 µg protein) were transferred to a medium containing 0.2 mg alcohol
dehydrogenase (Sigma A3263, Sigma, St. Louis, MO), 0.5 mM MTT (3-(4,5-dimethylthia-
zole-2-yl)-2,5-diphenyl tetrazolium bromide), 0.2 mM PES (phenazine ethosulphate),
0.6M ethanol, 50mMTris–HCl, and 0.5mMEDTA, pH7.8, and absorbancewas followed at
570 nm (37 °C) in a GBC UV/VIS 920 spectrophotometer. External and internal calibrations
with known amounts of NAD+ were used for quantiﬁcation of results.
2.6. ΔΨm determination
ΔΨmwas determined using the cationic dye safranine O which is accumulated and
quenched in energized mitochondria [31]. The excitation and emission wavelengths
were 495 and 586 nm respectively. The dye concentration usedwas 2 µM.Measurement
was performed at 37 °C with 0.1 mg/ml mitochondrial protein concentration.
2.7. Determination of mitochondrial swelling
Mitochondrial swelling was estimated through light scattering changes recorded in
a PTI Deltascan ﬂuorescence spectrophotometer at excitation and emission wave-
lengths of 660 nm. Mitochondrial swelling was detected in parallel with ΔΨm
measurements. It was controlled that the presence of safranine O did not inﬂuence
the light scattering signal. Protein concentration was 0.1 mg/ml and the measurements
were performed at 37 °C.
2.8. Meaurement of PTP opening by calcein ﬂuorescence
Mitochondria (100 µl aliquots from 35 mg/ml protein) were loaded with the
acetoxymethyl ester of calcein (2 µM) in isolation buffer containing 100 µM ADP for
10 min at 25 °C, then supplemented with 420 µl of ice-cold isolation buffer.Mitochondria were washed 3 times in the isolation medium in the absence of ADP,
(10000 g, 2 min) to remove nonhydrolyzed calcein-AM. After the last centrifugation,
mitochondria were suspended in 13 µl of isolation medium and kept on ice in dark. For
measuring ﬂuorescence, 2.5-µl aliquots of mitochondria were diluted in 2 ml of assay
medium supplemented with 20 μM CoCl2 to quench the calcein ﬂuorescence of
mitochondria exhibiting PTP opening. Fluorescence was measured at 494 and 525 nm
excitation and emission wavelengths, respectively [32].
2.9. Statistics
Statistical differences were evaluated with ANOVA (SIGMASTAT; Systat Software Inc.,
San Jose,CA,USA) formultiplecomparisons andwithStudent's t-test for simple comparison.
2.10. Materials
All the standard laboratory chemicals were obtained from Sigma (St Louis, MO,
USA). The Amplex Red reagent was from Molecular Probes (Eugene, OR, USA).
3. Results
3.1. Basal H2O2 release from mitochondria in a nucleotide-free medium is
decreased by Ca2+
H2O2 release from mitochondria was measured by the Amplex
Red ﬂuorescent assay as described in the Methods. With glutamate+
malate as respiratory substrates, the rate of production of H2O2 was
moderate (257±9 pmol/min/mg protein, n=17) and in agreement
with our previous report [20], this was only slightly reduced by
depolarization with the uncoupler FCCP, but greatly accelerated
by subsequent addition of rotenone (1 μM), inhibitor of complex I
(Fig. 1A trace a). It is to note that without any additions, the trace
representing the basal H2O2 generation somewhat shifted upward
(291 versus 250 pmol/min/mg proteinmeasuredwithin 200 s; Fig.1A
trace a) indicating that the rate of H2O2 release was increased over
the incubation period, which was taken into account for the cal-
culation of the effect of Ca2+. Addition of Ca2+ (10 μM) 300 s after the
beginning of the recording (Fig. 1A trace b) reduced the rate of
release of H2O2 (202 versus 291 pmol/min/mg protein), which was
modest but consistent: in the average of 17 experiments the decrease
in the rate of H2O2 generation by 10 μM Ca2+ proved to be 21.8±1.6%.
The effect of Ca2+ was maximal in 10 μM concentration and no
further change was observed when we increased the concentration
to 100 μM. Due to the relatively small effect of Ca2+, we were unable
to demonstrate a concentration dependency of the calcium effect in
these experiments. This result is different from that reported by [33],
who found no change in the H2O2 generation but is in agreement
with that by [15] demonstrating a decreased H2O2 formation by Ca2+
in brain mitochondria respiring on glutamate plus malate. The latter
experiments, unlike ours, were performed in the presence of 4 mM
ATP.
Votyakova and Reynolds [33] reported that Ca2+ stimulated the
release of H2O2 from brain mitochondria when complex I was
partially inhibited by rotenone. Fig. 1A traces c and d show that
addition of 1 μM rotenone stimulated H2O2 generation, but Ca2+
was without effect on the H2O2 production in the presence of
rotenone (Fig. 1A trace d versus trace c). With submaximal rotenone
concentration (20 nM) we obtained essentially similar results (data
not shown).
The effect of Ca2+wasmore robust (1378±68 pmol/min/mgprotein,
n=11) inmitochondria respiring on succinate (Fig.1B). Inwell-coupled
mitochondria with high ΔΨm, the high rate of ROS generation is
attributed largely to a reverse electron transfer (RET) from complex II
[34,35] leading to ROS formation at complex I [16,18,36,37]. Fig. 1B
demonstrates that the basal H2O2 generation in succinate-supported
mitochondria (1516 pmol/min/mg in this experiment)was inhibited by
Ca2+ at already 3 μM concentration. The inhibition of H2O2 formation
wasmaximalwhen Ca2+ was added in 10 μMconcentration (86.5±1.8%
n=11, with no further change observed in the presence of 100 μM Ca2+
(data not shown).
Fig. 2. The effect of Ca2+ on NAD(P)H ﬂuorescence (A) and the amount of NAD++NADH (B)
in mitochondria respiring on glutamate plus malate. A) Ca2+ was given in the
concentrations (µM) indicated by the numbers. Mitochondria (m), glutamate plus malate
(g–m; 5 mM each), 250 nM FCCP and 1 µM rotenone (rot) were applied as shown. B)
Mitochondria (0.1 mg/ml protein) were incubated in the assay medium in the presence of
glutamate and malate (5 mM each). Where indicated, ADP (2 mM) and/or Ca2+ (10 µM)
were added200 s and/or400 s, respectively, after thebeginningof the assayand incubation
was carried out for 10min. Sampleswere centrifugedandNAD++NADHwasdeterminedas
described in Materials and methods. Results are given as mean±SEM of four independent
experiments. ⁎ indicates signiﬁcant difference from the control (pb0.05).
Fig. 1. The effect of Ca2+ on the release of H2O2 from mitochondria respiring on
glutamate and malate (A) or succinate (B). A) The effect of 10 μM Ca2+ added 300 s after
the start of the recording (trace b) was compared to control (trace a) where no Ca2+ was
given. 250 nM FCCP and 1 μM rotenone (rot) were added to both a and b as indicated.
Trace d: 1 μM rotenone (rot) was given prior to 10 μM Ca2+ as compared to trace cwhere
rotenone was added without subsequent addition of Ca2+. Mitochondria (m) and
glutamate plus malate (g–m; 5 mM each) were added as indicated. At the end of each
measurement known amounts of H2O2 were given for calibration (cal). Traces c and
d were offset for clarity. B) Ca2+ was added in 3 μM (trace a), 6 μM (trace b) and 10 μM
(trace c) concentrations. Additions of 0.1 mg/ml mitochondria (m), 5 mM succinate
(succ), Ca2+ and 250 nM FCCP were as indicated by the arrows. Numbers show the rate
of H2O2 release in pmol/min/mg protein.
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supported mitochondria
In parallel with experiments on H2O2 release we also measured in
the same samples the ﬂuorescence of NAD(P)H (Fig. 2A) and found
that addition of Ca2+ in 1–100 μM induced an abrupt drop in the
ﬂuorescence. The effectwas apparentwith Ca2+ added in 5 μMandwas
maximal with 10 μM Ca2+. It is also demonstrated in Fig. 2A that upon
addition of FCCP (250 nM; Fig. 2A upper trace), which collapses ΔΨm,
the NAD(P)H ﬂuorescence was dropped to a higher level than that
detected after addition of ≥5 µM Ca2+ suggesting a loss of NAD(P)H
from Ca2+-loaded mitochondria. The Ca2+-induced loss of NAD(P)H
was also indicated by the effect of rotenone given at the end of each
experiment. In the control or in the presence of 1 µM Ca2+ (upper trace
in Fig. 2A) the increase in the NAD(P)H ﬂuorescence upon addition ofrotenone indicates that NAD(P)+ pool is still available to be reduced in
mitochondria. The minor ﬂuorescent signal by rotenone in the
presence of ≥5 µM Ca2+ suggests that large part of reducible NAD(P)+
is lost from mitochondria under these conditions (Fig. 2A). Ca2+-
induced loss of NAD(P)H from mitochondria was ﬁrst reported in rat
liver mitochondria [38] using 500 µM Ca2+.
Quantitative measurements of the amount of NAD++NADH pool
conﬁrmed the net loss of pyridine nucleotides from Ca2+-loaded mito-
chondria. Fig. 2B demonstrates that 56±5.6% of the total NAD++NADH
pool was lost from mitochondria after incubation with Ca2+ (10 µM).
3.3. PTP opening by Ca2+ is indicated by depolarization, decreased light
scattering and decreased calcein ﬂuorescence in glutamate+malate
supported mitochondria
ΔΨm was assessed by measuring Safranine ﬂuorescence in
mitochondria. It has been demonstrated earlier that accumulation of
Fig. 3. The effect of Ca2+ on ΔΨm (A), ﬂuorescent light scattering (B) and calcein
ﬂuorescence (C) inmitochondria respiring on glutamate plusmalate. For (A) and (B) Ca2+
was given in the concentrations (µM) indicated by the numbers. Mitochondria (m),
glutamate plus malate (g–m; 5 mM each), 250 nM FCCP, 1 µM rotenone (rot) and
0.04 mg/ml alamethicin (ala) were applied as shown. For (C) mitochondria loaded with
calcein as described in Materials and methods were incubated in the assay medium
containing glutamate and malate (5 mM each) and 20 µM CoCl2. Additions were as
indicated; trace a: Ca2+ (10 µM) and alamethicin (ala, 0.04 mg/ml), trace b: Ca2+ (10 µM),
ADP (2 mM) and alamethicin (ala, 0.04 mg/ml), trace c: ADP was given prior to Ca2+ and
alamethicin (ala, 0.04 mg/ml) as shown. Traces are representative of three parallel
experiments. Traces b and c were offset for clarity.
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[9]). It is demonstrated in Fig. 3A that basal ΔΨm set upon addition of
the substrates was reduced by Ca2+ added in different concentrations
(1–100 µM). ΔΨm was completely collapsed by FCCP given at the end
of the measurements.
Net loss of the pyridine nucleotide pool (Fig. 2) together with
depolarization could be consistent with a non-speciﬁc permeability
increase of themitochondrial innermembrane induced byCa2+. Therefore
we addressed ﬂuorescent light scattering in parallel with ΔΨm measure-
ments as an indication of swelling ofmitochondria (Fig. 3B). In agreement
with the results on NAD(P)H and Safranine ﬂuorescence, ﬂuorescent
light scattering signal was also reduced by Ca2+ (1–100 µM). In these
experiments the addition of the pore-forming antibiotic alamethicin [39]
at the end of eachmeasurement revealed the maximal ﬂuorescence drop
that can be expected when mitochondrial membranes are freely
permeable.
Ca2+ evoked PTP openingwas substantiatedwith the cobalt–calcein
ﬂuorescence quenching. Pore opening can be demonstrated with a
decrease in calcein ﬂuorescence in the presence of Co2+ in calcein-
loadedmitochondria [32]. It is demonstrated in Fig. 3C that addition of
Ca2+ (10 µM) resulted in a rapid decrease in calcein ﬂuorescence
suggesting increased membrane permeability (Fig. 3C traces a and b).
Alamethicin caused only amarginal decrease in the ﬂuorescencewhen
given after Ca2+.
3.4. Ca2+-induced decrease in H2O2 generation, parallel with PTP, is
prevented by ADP in mitochondria respiring on glutamate+malate
ADP is one of themost effective inhibitors of PTP [40–43], therefore
we addressed whether it is able to prevent the effect of Ca2+ on the
generation of H2O2 bymitochondria. A series of experiments similar to
those demonstrated in Figs. 1A, 2A, and 3 were performed in a
medium containing 2 mM ADP. The Ca2+-induced decrease in H2O2
generation, evident also in these experiments (Fig. 4A, trace a; 187
versus 247 pmol/min/mg), was prevented in a medium containing
ADP (Fig. 4A trace b). In the presence of ADP the basal rate of H2O2
generation was decreased (Fig. 4A trace b and c) consistent with the
depolarizing effect of ADP. Results on NAD(P)H ﬂuorescence obtained
from the same samples were consistent with the inhibition of PTP by
ADP (Fig. 4B). In the presence of ADP the steady-state NAD(P)H level
set after the addition of the substrates was smaller (compare trace
a to traces b, and c in Fig. 4B) but addition of 10 µM Ca2+ caused a
small increase in the ﬂuorescence signal probably reﬂecting activation
of Ca2+-sensitive matrix dehydrogenases (Fig. 4B, trace b), in contrast
to the large drop of ﬂuorescence observed in the absence of ADP
(Fig. 4B, trace a). The rotenone-induced rise in the NAD(P)H
ﬂuorescence clearly shows that when ADP was present Ca2+ was no
longer able to eliminate the reducible NAD(P)H pool. Consistent with
these results, ΔΨm was transiently decreased by Ca2+ in the presence
of ADP (Fig. 4C, trace b) as opposed to the large and sustained
depolarization observed in the absence of the nucleotide (Fig. 4C, trace
a). The hyperpolarization induced by Ca2+ could be mediated by the
activation of mitochondrial dehydrogenases. The possibility that the
conversion of ADP to ATP could have a contribution to this phe-
nomenon is unlikely, because ΔΨm measurements show that during
the time period used in these experiments the conversion of ADP to
ATP is not complete (data not shown). ADP also changed the cha-
racteristics of the Ca2+-induced light scattering signal; instead of a
decrease, a small increase in the ﬂuorescent light scattering was
observed after Ca2+ addition (Fig. 4D, trace b).
Ca2+ failed to induce a drop in the calcein ﬂuorescencewhen added
in the presence of 2 mM ADP (Fig. 3C trace c) conﬁrming that ADP
indeed prevented the Ca2+-induced increase in membrane perme-
ability, whereas increased permeability by alamethicin was not
inﬂuenced. Once mitochondria undergone PTP opening by Ca2+, ADP
was unable to restore calcein ﬂuorescence (Fig. 3C trace b).
Fig. 4. Comparisonof theeffectofCa2+ on the releaseofH2O2 (A), NAD(P)Hautoﬂuorescence (B),ΔΨm (C) andﬂuorescent light scattering signal (D) in theabsence orpresenceofADP.Trace a
in each panel was taken in amedium containing no ADP (control). Additionsweremitochondria (m), glutamate plusmalate (g–m; 5mMeach) Ca2+ (10 µM), rotenone (1 μM, rot) and FCCP
(250 nM) as indicated. ADP (2mM)waspresent for traces b and c. Trace b inpanel (C) is shownwith dotted line for clarity. Numbers indicate the rate ofH2O2 release inpmol/min/mgprotein.
Ca2+ was omitted form trace c. At the end of each measurement known amounts of H2O2 were given for calibration (cal). Traces b and c in panel (C) were offset for clarity.
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as the Ca2+-induced changes detailed above were only partially
prevented by the drug (data not shown). This is in agreement with
reports that unlike in liver and heart mitochondria [44–46], cyclos-
porine Awas less effective in mitochondria from brain tissues [47–50]
and the results were highly dependent on the experimental conditions
see [51].
3.5. Ca2+-induced changes in NAD(P)H ﬂuorescence,ΔΨm and ﬂuorescent
light scattering signal in parallel with a decreased H2O2 generation in
succinate-supported mitochondria: prevention by ADP
It is demonstrated in Fig. 5A that addition of ADP (2 mM) to
succinate-supported mitochondria induced an immediate and large
decrease in the rate of H2O2 generation. ADP depolarizes mitochon-
dria, eliminates RET, therefore ROS generation associated with RET is
also eliminated. Ca2+ (10 µM) failed to decrease the rate of H2O2
production that remained in the presence of ADP (Fig. 5A trace b).
Subsequent addition of FCCP caused a small decrease in the rate of
H2O2 generation. Consistent with an accelerated respiration, NAD(P)Hﬂuorescence was decreased by ADP, but Ca2+ was unable to induce the
large drop in NAD(P)H signal (Fig. 5B trace b) that is observed in the
absence of ADP (Fig. 5B, trace a). In the presence of ADP mitochondria
were depolarized (Fig. 5C trace b) and Ca2+ caused and additional fall
in ΔΨm, but failed to decrease the ﬂuorescent light scattering signal
(Fig. 5D trace b) suggesting that PTP was not induced.
4. Discussion
This study demonstrates that H2O2 release is decreased by Ca2+
from brain mitochondria incubated in phosphate-containing medium
in the absence of adenine nucleotides and inhibitors of the respiratory
chain. The reduced ROS generation by Ca2+, albeit of different extent,
was observed with glutamate plus malate as well as with succinate as
respiratory substrates. Decreased H2O2 release paralleled an increased
permeability of mitochondria as indicated by sustained depolariza-
tion, loss of NAD(P)H ﬂuorescence and decreased calcein ﬂuorescence
induced by Ca2+. In the presence of ADP the Ca2+-induced permeability
increase was prevented, H2O2 generation was decreased but Ca2+ was
no longer able to alter the production H2O2.
Fig. 5. The effect of Ca2+ on the H2O2 release (A), NAD(P)H autoﬂuorescence (B),ΔΨmΨm (C) and ﬂuorescent light scattering (D) inmitochondria respiring on succinate in the presence
or absence of ADP. Trace a in each panel was taken in a medium containing no ADP (control). ADP (2mM) was added as indicated (panels A, B) or was present in the assay medium for
trace b (panels C, D). Trace b in panel (C) is shown with dotted line for clarity. In panel (A) numbers indicate the rate of H2O2 release in pmol/min/mg protein. At the end of each
measurement known amounts of H2O2 were given for calibration (cal). Additions of mitochondria (m), 5 mM succinate (succ), Ca2+ (10 µM), rotenone (1 μM, rot) and FCCP (250 nM)
are indicated by the arrows.
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theeffect of Ca2+ on themitochondrial ROS generation. Data are available
for eachpossible alternative suggestingno change [33], a decrease [15] or
an increase by Ca2+ [11–13] in the production of ROS. The conditions in
the in vitro experiments providing different results were also variable
involving the use of mitochondria of different tissue origin, the presence
or absenceofADP, ATPor inhibitors of the respiratorychain, to nameonly
a few. In the present study we dissected a simple and clear condition, in
which the effect of Ca2+ on basal H2O2 generation was compared in
succinate versus glutamate-malate supported brain mitochondria and
parameters (ΔΨm, NAD(P)H ﬂuorescence, swelling) relevant to mito-
chondrial ROS generation were also followed.
First of all it is important to establish, that no increase in the rate of
H2O2 generation was found in our study with succinate or glutamate
plus malate as respiratory substrates. This appears to be in contra-
diction with earlier reports on an increased Ca2+-induced ROS for-
mation [11,12,15,33]. However fromcareful scrutiny of the conditions it
is apparent that in addition to Ca2+, other factors e.g. inhibitors of the
respiratory chain or uncouplers [11,12,33] or ATP [15]were also presentin the experimentswhere an increased ROS formationwas detected. In
the absence of respiratory inhibitors H2O2 formation was found to
be unchanged [33] or decreased by Ca2+ [15]. Furthermore, with the
exception of the study by [13] and [33] in the above experiments
succinate was used, in the presence of the complex I inhibitor
rotenone, to support respiration. H2O2 generation is more robust in
succinate-supported mitochondria than in mitochondria respiring
on NADH-linked substrates [15,52–54]. It is of note that this well
documented and generally accepted characteristics of ROS formation
was not observed by [13] raising some uncertainty as to the inter-
pretation of the results obtained with electron paramagnetic reso-
nance spectroscopy in that study. High rate of succinate-supported
ROS generation is attributed to RET, which is blocked by a few mV
decrease in ΔΨm [16,18,36,37] or by rotenone preventing the ﬂux of
electrons via complex I [17,37,53,55]. Thus, with succinate, in the
presence of rotenone, only downstream components of complex II are
functional in the respiratory chain and complex I, regarded as a key site
of ROS generation under physiological conditions [17,37,56–58] is
bypassed.
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respiratory chain mainly via NADH dehydrogenase, we found a sig-
niﬁcantly decreased rate of H2O2 generation after a Ca2+-challenge
in the absence of respiratory inhibitors and adenine nucleotides
(Fig. 1A). Similar results were found by [15]. In contrast, no change in
H2O2 generation was recorded by [33] using similar conditions to
ours, but when rotenone in submaximal concentration was also
present they found an increased H2O2 signal. We were not able to
reproduce this latter result either with maximal (Fig. 1A) or sub-
maximal rotenone concentrations (not shown). Decreased ROS
generation could result from depolarization induced by Ca2+ [15],
as ~30% of H2O2 production measured with NADH-linked substrates
is dependent on ΔΨm [20]. Depolarization by 10 μM Ca2+ in our
present study is not simply due to uptake of Ca2+ by mitochondria
because it is accompanied by a net loss of NAD(P)H, a decrease in
light scattering signal and in calcein ﬂuorescence (Figs. 2 and 3),
together suggesting an increased Ca2+-induced permeability of the
mitochondrial inner membrane.
Ca2+-induced permeability transition ﬁrst described by [41,59,60]
is characterized by an increased permeability of the inner mitochon-
drial membrane allowing the ﬂux of low-molecular mass compounds
(b1500 Da). PTP, which has been suggested to mediate the ﬂux of
solute induced by Ca2+, can be promoted by inorganic phosphate,
uncouplers, prooxidants or thiol cross-linking reagents [22–24]. PTP
involves the loss of NAD(P)H frommitochondria as demonstrated ﬁrst
in heart mitochondria after ischemia-reperfusion [61]. The molecular
nature of the pore is still an enigma, in particular in the light of recent
results from genetic studies [62].
ADP is a very effective inhibitor of mitochondrial permeability
transition [24,40–43] and prevention by ADP of the Ca2+-induced
changes in ΔΨm, light scattering and calcein ﬂuorescence (Fig. 4) is
consistent with a Ca2+ induced increase in membrane permeability,
while H2O2 generation is decreased under the same conditions.
Oxidative stress is a key factor modulating pore opening. It
increases the sensitivity of PTP to Ca2+ and promotes the opening of
the pore [63–65], see also [24]). Oxidants could also lead to cross-
linking and oxidation of thiol groups in membrane proteins possibly
involved in the formation of the pore [25,63,66]. On the other hand, it
has been suggested that Ca2+-dependent permeability transition
induced in the presence of prooxidants [25], uncouplers or inorganic
phosphate [12,26] involves generation of ROS in mitochondria. These
authors demonstrated that H2O2 generation preceded swelling in rat
liver mitochondria, and prevention of ROS formation by anaerobiosis
[12] or elimination of H2O2 by catalase [26] prevented permeability
transition. This concept was challenged by [27], who demonstrated
that ROSwere not essential for pore opening and suggested that PTP is
stimulated but not dependent on ROS generation. In the present study
we found no evidence for an increased ROS generationwith relation to
the Ca2+-induced permeability increase, on the contrary H2O2
generation was reduced by Ca2+. In this effect the loss of NAD(P)H
pool could also play a role, since the NAD(P)H pool is crucial for the
ROS formation occurring in the presence of NADH-linked substrates
[67,68] reviewed by [69].
Increased membrane permeability by Ca2+ could also occur when
mitochondria were supported by succinate (Fig. 5). This was indicated
by the Ca2+-induced NAD(P)H loss, light scattering ﬂuorescence (Fig. 5)
and decreased calcein ﬂuorescence (data not shown) and by the
prevention of these changes in the presence of ADP. In a recent study
[70]ΔΨmwas unaltered andH2O2 releasewasmeasured to be reduced
in a medium containing Ca2+ in contaminating concentration, but the
effect of Ca2+ in different controlled concentrations was not addressed
in that work. Rat brain mitochondria respiring on succinate (in the
presence of rotenone) did not undergo Ca2+-induced permeabi-
lity transition when the medium contained ATP in the study by [71].
DecreasedH2O2 formationbyADP is consistentwith a decrease inΔΨm
(Fig. 5), given the sensitivity of the RET-related ROS generation to ΔΨm[16,18,36,37]. The large reduction in the rate ofH2O2 production caused
by Ca2+ (Figs.1B; 5A) could result fromdepolarization ofmitochondria.
It is likely that depolarization here, like with NADH-linked substrates,
is the consequence of an increased permeability of mitochondria. It is
of note that the pore-forming alamethicin also induced a reduction in
H2O2 release in both succinate and glutamate plus malate containing
medium (not shown).
In conclusion, ROS production is decreased in Ca2+-loaded brain
mitochondria in the absence of nucleotides and inhibitors of the
respiratory chain. This effect is paralleled by an increased permeability
of the mitochondrial membrane, which is likely to play a role in the
decreased ROS generation due to causing depolarization and loss of
pyridine nucleotides.
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